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SUMMARY

Thermal protection rating systems for fabrics, based on' pain and

blister effects in human skin, are considered in terms of: (1) precise

evaluations applicable to any known temperature-time pattern, and (2)

simple laboratory procedures to provide a universally useful standard

rating system. The first system which is more comprehensive is difficult

and requires computer operations routinely; the second, described in

detail, offers a rating system which is simple, directly related to pain

and blister parameters, and may be understood by the uninitiated as well

as those knowledgeable in the field.
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II
1NTRGDUCT ION

Convenient methods of evaluating the thermal protection capacity of

clothing fabrics have been sought by developers and users alike. Most

methods in use provide relative data that indicate whick of any number of

candidate materials is more heat-resistant than others. Two methods, at

least, relate these data to protection of living skin Cl1 and offer a basis

of comparison in terms of "critical radiant exposures" C2), i.e., the

product of energy and exposure time required to destroy the clothing or to

burn the skin on exposure to thermal radiation pulses simulating nuclear

weapons of various potencies. Another method yields a protection index

which is the ratio of the energy-time product observed for clothed skin to

that of bare skin (3). None has provided a procedure which is universally

applicable for rating fabrics against a physiological standard represent-

ative of tissue injury sustained under the fabric without the necessity of

making measurements in vivo.

The present report discusses a method based upon a tissue injury con-

cept which correlates the observed skin temperature-time history with com-

plete trans-epidermal necrosis C4, 5, 6) and also proposes a simple method

of rating fabrics which could be used as a standard by all laboratories

engaged in this work. The procedures to be described utilize the skin.

simulant described by Maggio .(7) but any substance of precisely known ther-

mal properties could be used equally well.

BACKGROUND

It is now well known that the severity of a skin burn depends upon

elevation of the tissue temperature to an injurious level, i.e., higher



than 44*C, and maintenance of the elevation for a time inversely related to

the temperature. The rate at which injury proceeds increases logarithmic-

ally with a linear increase in skin temperature so that at 50C damage

proceeds at 100 times the rate ensuing at 45*C C6). Extrapolation of the

rate'vs. temperature curve indicates that complete trans-epidermal destruc-

tion occur- virtually instantaneously at 72*C. Consequently, the range of

injury may be delineated as occurring at basal layer temperatures of 44*C

to 72 0 C, sustained at elevated-temperature times varying from, nominally,

infinity to zero, respectively. It is understood that this delineation

applies to sequences in which the temperature-time pattern is regular, con-

tinuous and known, or in which the temperature is known for every instant

in time if the pattern is discontinuous or irregular. In actual living

skin, temperature-time histories leading to a damage-rate temporal integral

of 1.0 in a computer operation such as described in Stoll C8) would then

indicate destruction of the skin. For the purpose of setting up a protect-

ion index the system may be adapted to the simulated skin and applied in a

similar fashion. In this application the differences between the physical

constants of human skin and the skin simialant would be normalized mathemat-

ically by substitution of the constants appropriate to the simulant in the

equation applicable to the living skin and subsequent adjustment of tempera-

ture-rise rates in the two media so that skin destruction is indicated when

0 (symbol for damage (4)) equals 1.0 in either system. This system requires

incorporation of a sliding scale factor to accommodate to changes in thermal

conductivity which occur more markedly in the living skin than in the

simulant because the former is susceptible to blood and tissue fluid shifts

which are absent in the inert material of the simulant.
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Table I points up some of the similarities and differences between

living skin and the simulant. It is a compilation of dsta from radiation

exposures of blackened human skin (6) and theory C9), and equivalent effects

in the simulant (10). The first column shows the incident energy; the second,

the absorbed energy; the third, the observed exposure time to produce a

minimal blister in the blackened human living skin; and the fourth and

fifth respectively, the measured maximum temperature rise at the surface of

the skin (AT s), and that calculated for a depth of 80V beneath the surface,

approximating the location of the basal layer CATt). The next two columns

show equivalent data for the skin simulant except that the depth at which

the temperature is measured in the simulant is SOO5 . The final two columus

give the ratios between the temperature rises in the simulant and the skin

at the surfaces and at depth, respectivcly. It is readily seen from the

data tagged with an asterisk that exposures less than 3 seconds in duration

are too short to permit a temperature change at 500p in the simulant com-

parable to that at 80p in the living skin. The data tagged with a double

asterisk indicate the region in which blood flow changes influence the

temperatures attained in the living skin and significantly alter the simu-

lant temperature rise ratios. Thus, it is obvious from the figures in the

next to last column, that the ratio of temperature rise of the sim-lant and

the skin surface is fairly consistent for short-term exposures but falls

off as the exposure time extends beyond about 10 seconds. The difference

in the ratio of temperature rise at depth in the skin and in the simulant

(last column) is even greater because, in addition to variable conductivity

in the skin, the depths at which the temperatures are measured are signifi-

- cantly different. Therefore, this ratio is constant only between about

3 I4



TABLE I

Temperature Rise in Human Skin and in Skin Simulant on Absorption of Thermal (.

Radiation Just Sufficient to Cause Blistering

HEAT Exposure Max. Temp. Rise Max. Temp. Rise Ratio Ratio

cal/cm sec Time AT AT AT sAT ATc/c2scto burn s tss sdss

Incident Absorbed (set) s t

1.20 1.128 1.08 35.3 29.9 45.4 14.7* 1.285 0.493*

1.00 0.940 1.41 33.5 28.5 43.4 16.0* 1.295 0.561*

0.80 0.752 1.95 31.2 26.9 41.0 17.9* 1.314 0.666*

0.60 0.564 3.0 28.7 25.4 37.8 20.4 1.352 0.804

0.40 0.376 5.6 26.6 24.7 34.6 22.6 1.301 0.914

0.30 0.282 7.8 24,2 22.7 32.4 21.1 1.340 0.929

0.20 0.188 13.4** 22.4 21.4 26.9 19.2 1.202** 0.908

0.15 0.141 20.8** 21.5 20.7 25.1 18.0 1.208** 0.837

0.10 0.094 33.8** 20.4 19.8 21.3 15.1 1.044**" 0.762

Ts = Temperature of skin surface.

Tt = Temperature of skin at the basal layer, 80p beneath the surface.
t!

Tss = Temperature of simulant surface.

T = Temperature of simulant at depth of SOO beneath the surface.

*Exposures < 3 sec. are too shcrt to permit temp. change at S00i compar*able to that at 80P.

"**Blood flow changes influence surface temp. ratios in exposures > 10 sec.
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5 and 20 seconds' exposure time. However, with suitable adjustments a

system could be provided wherein temperature-time histories of both skin

and simulant may be translated directly into injury integrals. The latter

become protection indices on comparison of measurements made under candidate

fabrics with a damage scale in which an integral of 1.0 is equal to destruc-

tion, less than 1.0, some measure of trotection, and greater than 1.0, an

increase in burn hazard by virtue of flaming or other exothermic reaction

of the simulant cover. Precise as this may be, it is doubtful that so

elaborate a system is really desirable as a standard or screening method

since it would require multiple observations and computer optýrations routine-

ly. On the other hand, it might well be suited to analyses of burn hazards

in situations where the heating pattern is irregular and live animals could

not be used. This development is being pursued as part of a continuing

study on thermal injury.

MATERIALS AND METHODS

For the present purpose, a simpler system based on observed data C6)

and empirical relationships has been developed for routine use. This system

is illustrated in Figure 1 where tolerance times for different levels of

thermal energy are plotted on log log coordinates. Pain threshold and min-

imal thermal blister parameters derived from earlier work (6) are used as

the lower and upper limits of skin injury. In applying these data it is

absolutely essential that the heat pulse used be rectangular, for any

variation from this shape invalidates the data. Then, for a given inten-

sity of heat absorbed by the skin, the time for which this intensity may

be tolerated safely is read to the left of the pain line; reversible injury

_____ _________5
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occurs at coordinates between the pain and blister lines, and irreversible

damage to the right of the blister line. The median line shown is drawn

through the mid-points between the parameters of pain and blister.

For the benefit of those investigators who may wish to relate these

data to comparable observations of white burns in the anaesthetized, de-

pilated white rat, the .latter, derived from two different laboratories

(11, 12) are included in this figure. Both sets of data were normalized

by correcting the observed exposure times to those commensurate with an

initial skin tVmrerature of 32.5*C which is the initial temperature of the

human skin data (a correction of -0.5 0C in the Naval Air Development Center

data and +1.5 0 C in the Naval Material Laboratory data). It is seen that

all the points fall to the left of the blister line and to the right of the

median between blister -nd pain. The rat white burn may then be considered

as approximating the second degree burn in a human, at least in this range

of energy and exposure time. it is noteworthy that within the range of

experimental data these points fall aprroximately on the median line of

the human data but approach the blister line in the extrapolated area where

tlh energy absorption rate is high and the tolerance time short. It may be

that the human data curves too would skew in a somewhat similar manner if

experimental data were available in this region. However, the deviation is

not great and the present arrangement errs on the side of safety, if at

allA i.e., the tolerance times indicated are shorter than they would be if,

indeed, the human data should parallel the rat burn data.

To evaluate a fabric the general procedure consists of exposing it

to a rectangular heat pul ze in such a manner that the heat passing through

71
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it, may be measured with respect to time. When flame contact or convection

is the heating mode the optical properties of the fabric have no bearing on

the heat transmission but when radiation is the mode the optical properties

are extremely important (13). For instance, the heat transferred

through a particular material of one color on exposure to radiation may be

greatly different from that transferred through an identical specimen of

different color simply because of differences in reflection and absorption.

In any case, the crucial part of the procedure is the establishment of the

energy flux absorbed by the skin underneath the fabric. For this purpose

the NML skin simulant (7) is very convenient. The fabric is overlaid on

the simulant and the temperature rise at a depth of 0.C5 cm (50 0i') beneath

the simulant surface is recorded with respect to time on exposure to the

rectangular pulse. Routinely, the temperature rise noted at 3 seconds

(2 seconds with high-intensity radiation) has been used as a reference

point. Figure 2 shows the tolerance time for human skin related to the

observed temperature rise at 3 seconds. Again the three zones of tolerance

are delineated by the pain threshold and blister threshold parameters. In

using this system the absorbed energy in cal/cm 2/sec may be found simply

by dividing the observed temperature rise by 36.2 0 C, the rise commensurate

with absorption of 1 cal/cm 2/sec by the bare simulant (10). Of course, it

is not necessary that this specific simulant be used; any similar device

calibrated to yield a measurement of the energy absorbed by the skin could

be used just as well.

RESULTS AND DISCUSSION

To provide interchangeability of data from different laboratories,

8
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"a uniform expression is necessary. For this purpose it is suggested that

"a cover or assembly that restricts the absorbed energy-time coordinates

to the area left of the pain line be termed "protective against pain (PAP)-

seconds at X incident energy"; that which confines it between the pain and

blister lines be termed "protective against blistering (PAB)-seconds at X

incident energy; and that which fails to confine it to the left of the

b li.t.e.r ine, "no.n-,rtectiVe N,)j at X incident energy". For example, if

exposure of a Liven fabric to a rectangular pulse of 1 cal/cm2 /sec produces

a temperature rise of 100 C at 3 seconds in the skin simulant, reference to

Figure 2 indicates a tolerance time of 3.2 seconds at the pain threshold

parameter and 8.0 seconds at the blister parameter. Similarly, if absorbed

energy flux is the quantity measured, then for the same situation this

would be 0.276 cal/cm2 sec and reference to Figure 1 would indicate the same

tolerance time as determined with the simulant. The fabric would be desig-

nated as "PAP 3 sec, PAB 8 sec at I cal/cm 2/sec incident energy." This

system also provides flexibility for description of the incident energy in

that it could be from a flame, or radiation from a source identifiable in

terms other than cal/cm2 sec, with the sole stipulation that the exposure

pattern used be a rectangular pulse. For instance, if the source were a

flame of known temperature but unknown heat flux, and a measurement made with

a calibrated receiver indicated the heat absorption rate on rectangular

pulse exposure to be 0.25 cal/cm2 sec then the rating could be expressed

"PAP 3.5 sec, PAB 7 sec in contact with X0C flame". Similarly, if the

source were radiant and only the color temperature known, the same data

would be expressed as "PAP 3.5 sec, PAB 7 sec on radiation from X0C Source

10



at X cm". While these terms are somewhat cumbersome they are more meaning-

ful than any single figure such as the ratio of time to burn fabric-covered

skin to the time to burn bare skin used in earlier evaluations C14). Also,

the protective capacity of the fabric would be clear to anyone reading the

rating rather than to only those conversant with this experimental field.

This correlation, of course, tacitly assumes that the fabric is removed

immediately at the conclusion of the exposure and the skin permitted to

cool in an ambient environment approximating normal room temperature.

Otherwise, additional heat could flow into the skin from the fabric itself

or from the surroundings causing additional damage and upsetting the empir-

ical correlation.

Researchers and textile developers for convenience might standardize

on the single figure derived from the line drawn through the mid-points

between the pain threshold and blister curves, in this instance labelled

"Survival" time. Physically the line represents points at which pain is

produced but a blister is -lot; temporally it lies closer to the pain curve

than to the blister curve, since the damage rate increases logarithmically

with skin temperature, automatically weighting this time on the side of

safety. The indicated survival time values may be compared to one another

directly and such comparisons constitute a simple method of finding the

best candidate of any number, the higher the value the better the protection

afforded. Also, for those doing research in this area, a wealth of additional

data may be presented with little additional effort. Table II illustrates

these possibilities. Here are presented a sampling of fabrics which have

been considered for thermal protection use arranged in order of increasing

protection capacity. The weight in ounces per yard square and the color

11,

_ _ Ii



4~ U0

C40 . US-. I. 0! -

LI PI

-d 0 .

a ~ ~ ~ I 0 0 0ý C r !

.4C 7
U to li0-

ao'
o V U S 0 10 -4 N in aS 0

R. x 'I

14 0

C-. 44 0 0

-0 .0 0 0 V 0 0

0 Mo

0 o o ~ ~.~ .12



If

are given as the commonest identifying characteristics. The thi ckness is

given to aid in visualizing the bulk of the fabric (if desired for research

purposes the description could be further amplified with thread counts, air

permeability, etc.). The data shown in this table were derived from flame

contact and are simpler to appreciate than those in Table III pertaining to

radiation, for few commonly-encountered flames exceed 1200%C (ca. 2200 0F),

while radiation exposures may vary from virtually 0 to intensities of thermo-

nuclear magnitudes. Thus, the final three columns in Taole II may be con-

sidered to, be quite representative of the protection afforded .against actual

fire exposures and, therefore, have real meaning for the uninitiated.

Interpretation of the data in Table III should be approached with

caution and might best be left to 'he experienced, for materials that give

excellent protection at 1 cal/cm2 sec or less may be totally inadequate in

a real situation where the radiation level may be much higher. In atomic

explosions levels of energy many times this magnitude are encountered, while

emanations from ordinary radiation sources such as incandescent lamps and

open furnaces, at a reasonable distance, comonly fall within the range of

1 cal/cm2 sec or less. Again, the net effect of radiant exposures depends

heavily upon the special characteristics of the source and the fabric, there-

fore, it is always necessary to identify the radiation source used in gener-

ating any data of this kind. As used in Table III, the color or brightness

temperature (Tb) is perhaps the most universally applicable and convenient

means of making this identification. This information permits the user to

apply black-body radiation values in calculating the heat transmission at any

other brightness temperature from separate determinations of the reflectance

13
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and transmittance of the particular fabric concerned C13) and the protection

time data contained in the table. It will be noted that two columns are

devoted to the temperature rise in the simulated skin CAT ss), one observed

at two seconds' heating time and the other calculated for three seconds'

heating time. The observation is made at 2 seconds in order to protect the

simulant from overheating when high irradiances are used. The calculation

(invariably at high irradiances, a linear extrapolation) to 3 seconds is

used in order to render these data compatible with Figure 2. Again, times

to pain and to blister and "survival" time are no-ed for the same fabrics

as appear in Table II arranged in the same order (although the sequence no

longer follows increasing protective capacity). The final columns of Table

III show the intensity of radiation which may be tolerated (as determined

from the "survival" time parameter) for 1 second and for 3 seconds. These

data suggest that some of the fabrics would be effective in protecting

against injury from thermal radiation in the nuclear weapons range. The

latter area is, of course, extremely complex because of the large number of

variaoles to be considered, e.g., weapon yield, location of detonation

(ground, air, etc.), distance from detonation, atmospheric conditions, etc.

For this reason any specific material under consideration would require

far more extensive study. However, as a first approach this system provides

a wealth of information quickly and simply. With suitable sampling it can

S~~be used to indicate directly-differences due to optical properties of the !

fabrics. Indirectly, in conjunction with spectrophotometric measurements,

the same data may be used to compute heating effects at brightness tempera-

tures other than that of the source used during masurement. In general,

,is
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the radiation data are perhaps most useful as guidelines for further study

of given materials while the flame-contact data provide immediate evaluations

of protective capacity.
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